This paper reports a method to characterize the kinetic constants for the action of enzymes on immobilized substrates. This example uses cutinase, a serine esterase that hydrolyzes 4-hydroxyphenyl valerate moieties that are immobilized on a self-assembled monolayer of alkanethiolates on gold. The product of the enzyme reaction is a hydroquinone, which is redox active and therefore permits the use of cyclic voltammetry to monitor the extent of reaction in situ. A kinetic model based on the Michaelis-Menten formalism is used to analyze the dependence of initial rates of reaction on both the substrate density and the enzyme concentration. The resulting value of k cat /K M for the interfacial reaction is comparable to that for a homogeneous phase reaction with a substrate of similar structure. This strategy of using monolayers presenting substrates for the enzyme and cyclic voltammetry to measure reaction rates provides quantitative and real-time information on reaction rates and permits a level of analysis of interfacial enzyme reactions that to date has been difficult to realize.
Introduction
The binding of proteins and the action of enzymes at interfaces is common. Several classes of enzymes, including cellulases, lysozymes, and receptor tyrosine kinases, have evolved to act on substrates that are localized at interfaces. [1] [2] [3] [4] Many applications in bioanalytical chemistry utilize solid-phase assay formats, [5] [6] [7] [8] [9] [10] [11] [12] including gene microarrays, 13,14 protein chips, [15] [16] [17] [18] [19] and biosensors, [20] [21] [22] leading to a renewed significance in understanding the fundamental aspects of biomolecular interactions at interfaces. 23, 24 Recent examples have shown that interfacial reactions can differ in substantial ways from the corresponding homogeneous phase reactions, with differences in substrate specificities, 25 cooperative interactions with the surface, 26,27 and rebinding and diffusion, 28-30 all of which can affect the rates of the reactions. Unlike studies of enzymes that act on soluble substrates, for which there exist well-developed and standard methods to compare the activities of a family of enzymes, studies of enzymes acting on immobilized substrates generally do not provide quantitative measures of the microscopic constants that govern enzyme activity. Comparisons of activities, for example, are often based on the extent of reaction (or the analogous initial rate of reaction) under a limited set of conditions, providing comparisons that do not strictly reflect the intrinsic reactivities of the enzymes. This limitation is largely due to a lack of experimental systems that can give quantitative information on kinetics.
Among the significant recent work in this area is a study by Gast and co-workers that used UV-vis spectrophotometry to determine the reaction kinetics of collagenase acting on immobilized peptides. [30] [31] [32] This study found that the overall rate depends on both the intrinsic catalysis rates of the enzyme and the diffusion of the enzyme on the surface. In another study these * Author to whom correspondence should be addressed (e-mail mmrksich@uchicago.edu).
‡ Present address: Department of Bioscience and Biotechnology, Konkuk University, Seoul 143-701, Korea. workers used surface plasmon resonance (SPR) spectroscopy and surface plasmon enhanced fluorescence (SPEF) to determine the reaction rates of several mutants of the subtilisin serine protease on immobilized bovine serum albumin (BSA). 33 Through fluorescent labeling of the BSA protein, this method could simultaneously monitor the total amount of protein at the surface (enzyme and substrate) and the cleavage of substrate, providing adsorption and reaction rates of the protease on the substrate. In a related study, Corn and co-workers used surface plasmon resonance imaging (SPRI) and SPEF to study the reaction of ribonuclease H on RNA-DNA heteroduplexes. 34 An interesting example comes from Okahata and co-workers, who used a quartz crystal microbalance (QCM) 35, 36 to study the action of phosphorylase b on immobilized amylopectin. An inactive form of the enzyme binds to the substrate, giving an increase in mass that is detected by the QCM. On activation by adenosine monophosphate (AMP) the enzyme degrades the substrate, which results in a decrease in mass that again can be monitored using QCM, providing kinetic parameters associated with the enzyme reaction. There are several examples of the substrates having been immobilized on nonsolid supports including micelles, liposomes, and lipid membranes. [37] [38] [39] Berg and co-workers have reported extensive studies on the enzymatic reaction of pancreatic secreted phospholipase A2 (sPLA2) on phospholipid micelles, where sPLA2 hydrolyzes phospholipids. 40 They have developed models for the enzymatic reaction on the lipid-water interface, including the "scooting" model, in which an enzyme diffuses laterally on the surface of the micelle hydrolyzing the polar head groups of the phospholipids.
Our group has had a primary interest in developing model systems for measuring enzyme activities using immobilized substrates. The approach is based on self-assembled monolayers (SAMs) that present biologically active substrates against a background of oligo(ethylene glycol) groups. 19,41-49 The monolayers permit good control over the densities (and patterns) of immobilized species, are effective at preventing nonspecific interactions of proteins with the surface, and are compatible with several analytical techniques. In one example, we demonstrated an electrochemical method for obtaining kinetic information on an interfacial enzyme reaction. 43 Here we employ this approach to develop methods for determining the kinetic parameters for the interfacial reactionshere, the k cat /K M valuesand that allow for a clear comparison of enzymes acting on immobilized substrates.
Experimental Section
6-Mercapto-1-hexanol and 11-mercapto-1-undecanol were purchased from Aldrich, 8-mercapto-1-octanol was purchased from Dojindo Chemicals, and 16-mercapto-1-hexadecanol was purchased from Frontier Scientific. Phosphate-buffered saline (PBS) used in electrochemical experiments was purchased from Gibco. The enzymatic substrate, 4-hydroxyphenyl valerate terminated alkanethiol, was synthesized in eight steps as described previously. 43 For solution assays, p-nitrophenyl butyrate and Triton X-100 were purchased from Sigma Chemical Co. Glass coverslips for gold depositions were obtained from Fisher Scientific.
Preparation of Monolayers. Gold substrates were prepared by vacuum deposition of titanium (∼100 Å) followed by gold (∼900 Å) onto glass coverslips. Monolayers were formed by immersing gold substrates in an ethanolic solution of the particular alkanethiol (1 mM) for 16 h. To obtain mixed monolayers, the gold substrates were immersed in solutions containing mixtures of the desired alkanethiols. In this study the total concentration of the alkanethiols in the solution was kept constant at 1 mM, and the amount of 4-hydroxyphenyl valerate thiol in comparison to the background molecules was varied between 1 and 60%. Before the monolayers were used for electrochemistry, the substrates were washed copiously with absolute ethanol and then dried under a stream of nitrogen gas.
Electrochemical Measurements. Cyclic voltammetry was performed with a Bioanalytical Systems potentiostat using PBS as the electrolyte. The electrochemical cell was configured with the monolayer as the working electrode, Ag/AgCl as the reference electrode, and a platinum wire as the counter electrode. 50-52 The potential was scanned from -400 to 400 mV at 50 mV/s. For each monolayer the density of hydroquinone and hence the density of the enzyme substrate on the surface was determined by integrating the area under the anodic peak in the voltammograms. The baseline of the voltammogram was extended through the peak prior to integration to integrate current associated only with the redox process.
Expression and Purification of Cutinase. Details for the construction of the plasmid and expression of cutinase can be found in a previous paper. 42 Briefly, the protein was expressed periplasmically in bacterial strain BL21 (DE3) and extracted from the cells by osmotic shock. Cutinase was separated and purified by size exclusion chromatography using a Hiprep 16/60 Sephacryl S-200 column and PBS (pH 7.4) as a solvent. The protein was stored in PBS (pH 7.4) at 4°C. The concentration of the protein was determined by measuring the absorbance at 280 nm in 6 M guanidine-HCl ( 280 ) 13370 M -1 cm -1 ) at pH 6.5.
Solution Assay of Cutinase. Rate constants for the homogeneous reactions were determined by following the hydrolysis of pnitrophenyl butyrate by cutinase. 53 All of the measurements were done on a Beckman Coulter DU 640 spectrophotometer. The k cat and K M values were obtained by nonlinear regression curve fitting using Sigma Plot.
Results and Discussion
Experimental Approach. We used monolayers that present the 4-hydroxyphenyl valerate group against a background of hydroxyl-terminated alkanethiolate (Figure 1 ). In this way, the density of the substrate can be controlled by varying the ratio of the two alkanethiolates in the solution from which the monolayer assembles. Furthermore, the environment of this group can be controlled by altering the length of the surrounding hydroxyl-terminated alkanethiolate. In all cases, the ester is hydrolyzed by cutinase to reveal a hydroquinone, which is electroactive and therefore permits the use of cyclic voltammetry to measure the kinetic profiles for the reactions. Before the addition of cutinase, we observed a basal non-faradaic current, which remained constant for several scans. Upon addition of the enzyme, the voltammetric waves for oxidation and reduction of the hydroquinone and quinone, respectively, became evident. These waves increased with time until they reached the maximum intensity corresponding to complete hydrolysis of the ester ( Figure  2a ). We performed this experiment for surfaces having the substrate molecule present at densities ranging from approximately 2 to 30% (relative to total alkanethiolate) and found that the amount of hydroquinone product smoothly approached the final density of the substrate (Figure 2b) . The kinetic profiles for these reactions are similar to those obtained using pnitrophenyl butyrate for the corresponding homogeneous phase reactions. The total substrate densities reported in Figure 2b were determined by integrating the areas under the peaks once the signal had reached a maximum stable value. We also found that the initial rate (taken from the slope of the linear region of the curves in Figure 2b ) is proportional to the density of substrate on the monolayer. For higher substrate densities the rate does not strictly extrapolate to the origin, likely because the scan rate, and therefore the frequency of the measurement, is slow for these rapid reactions.
Dependence of Rate on Enzyme Concentration. We first determined the initial rates of the enzymatic reaction using monolayers that present the substrate at two different densities and in each case using a series of enzyme concentrations ( Figure  3) . We found that the rate of reaction increased with the enzyme concentration and reached a limiting velocity. Furthermore, we found that the monolayer having a lower density of substrate reached a maximum initial rate at lower enzyme concentrations than did the monolayer having a higher density of substrate. Hence, the maximum initial rate depends on the enzyme concentration. An important point of these data is that they show how the initial rates alone cannot be used to compare enzymatic reactions, as the initial rate is not an intrinsic parameter but rather depends on seVeral factors, including the density of the substrate and the concentration of the enzyme. For the monolayers presenting substrate at lower density, the rate reaches a limiting value at concentrations higher than ∼30 nM, whereas for the monolayers having a higher density of substrate (18%) the rate does not level off in the range of the enzyme concentration utilized here. On the basis of these data, we decided to employ enzyme concentrations between 0 and 20 nM because this range gives initial rates that increase linearly and do not become limited by substrate. Cutinase is a serine esterase that acts on this substrate to yield the corresponding hydroquinone. Because this quinone is redox active, whereas the parent ester is not, cyclic voltammetry can be used to quantitatively measure the density of the quinone and, therefore, the rate of the enzyme reaction. Kinetic Model. We develop a model that relates the kinetic data in Figure 3 to constants that represent the intrinsic catalytic efficiency of the enzyme. Equation 1 defines the rate constants for association (k a ) and dissociation (k d ) of the enzyme (E) and substrate (S) to give the enzyme-substrate (ES) complex. We represent the conversion of this complex to the product and free enzyme with a single first-order rate constant (k cat ). We note that the acyl group of the substrate is not hydrolyzed directly, but rather is transferred to an active site serine, and therefore the regeneration of enzyme is included in the k cat term.
Note that E represents the concentration of enzyme in the solution (in units of mol/L) but that S, ES, and P represent surface densities of these species (in units of mol/cm 2 ). The rate of formation of ES and P can be represented as where Γ S , Γ ES , and Γ P correspond to the surface densities of the respective species.
At steady state
The total amount of enzyme E 0 in the system is the sum of free enzyme E and the enzyme bound to the substrate ES. Because Straightforward manipulation provides the following relationship for the rate of the reaction:
Hence, the value of k cat /K M for the interfacial reaction can be determined from the slope of the plot that relates the rate of the reaction to the density of substrate.
A study report by Gutierrez and co-workers used a slightly different line of derivation to develop a theoretical approach for describing the kinetics of heterogeneous enzyme reactions, but arrived at the same conclusion as our derivation. 24 In that paper, the authors found that under conditions where the concentrations of both enzyme and substrate are small relative to the K M , the initial velocity of the interfacial reaction increases linearly with the total enzyme concentration and with the density of substrate on the surface. This requirement is reasonable, as low concentrations of enzyme and substrate ensure that the enzyme-substrate complex is not saturated and, therefore, provide a linear dependence of reaction rate on the concentrations of these species. The use of an immobilized substrate, however, complicates the application of this condition because a density of species and a concentration of species cannot be compared directly. To circumvent this dimensional mismatch, previous authors have converted the surface density into a volume term by making the formal assumption that the substrate is evenly distributed throughout the volume of solution in contact with the surface. This assumption is clearly less accurate when the volume of the solution is large, because only enzyme near the substrate is functional in the assay and increasing the volume (and therefore enzyme far from the substrate) has a diminishing influence on the reaction rate. In any event, in most solid-phase assays, it is likely that this condition of low enzyme concentration and substrate density is met, and it is certainly the case with cutinase acting on p-nitrophenyl butyrate, for which the value of K M is 160 µM.
Determination of k cat /K M . The implementation of the kinetic model described above requires experimental data that quantitatively report the extent of reaction with a high temporal resolution. Methods that require the substrate to be removed from the reaction mixture prior to analysis generally do not provide data of sufficient temporal resolution or quantitative character. The use of cyclic voltammetry is important in this respect, as this method is quantitative and monitors the surface in situ, avoiding the need to continuously remove the substrate from the reaction medium or, in the case of analytical methods that damage the sample, to perform separate reactions for each time point. We used eq 8 to determine the values of k cat /K M for the interfacial 
enzyme reaction. We first plotted the dependence of initial rate (ν i ) on the density of the substrate (Γ S ) for each enzyme concentration ([E 0 ]). We determined the best-fit slope for this relationship and divided this value by the total enzyme concentration to obtain a value for k cat /K M . For each concentration of enzyme, we found that the initial rates increase linearly with the substrate density (Figure 4a) . Furthermore, the slopes of these plots were proportional to the enzyme concentration and agreed with the model derived above. This representation of the kinetic data is analogous to that used in the Michaelis-Menten analysis of homogeneous reactions. The error bars in the X direction represent one standard deviation in substrate density obtained from four different monolayers prepared with the same solution of mixed thiols at a particular ratio. The magnitude of the error bars reveals that a particular solution ratio of the thiols gives quite similar surface coverage of the substrate on the monolayer. Similarly, the error bars in the Y direction represent one standard deviation in the initial rate of the reaction for the corresponding monolayers. Because eq 8 is valid in the limit of low substrate densities, we determined the slopes using data obtained for extents of reaction of less than ∼7 × 10 -11 mol cm -2 of substrate for calculating the k cat /K M . As stated earlier for high substrate densities, for which the initial rates are high, the technique may not be able to accurately follow the enzymatic reactions; hence, at those high values of substrate densities we see deviation from linearity. The values of k cat /K M for each of three concentrations of the enzyme were similar (Table 1 ). This result further shows the importance of using k cat /K M to assess the efficiency of an enzyme acting on an immobilized substrate. A direct comparison of initial rates, by contrast, would vary with the enzyme concentration used and therefore would lead to relative rates that are dependent on the choice of experimental condition. We also found that the values of k cat /K M are slightly lower than that obtained in the corresponding solution reaction using a similar substrate. This difference may be due to the modest differences in structures of the substrates used in the solid-phase and homogeneous assays or to effects of the surface. Finally, Figure 4b relates the slopes taken from Figure  4a to the enzyme concentration. The values of the slope agree and further emphasize the accuracy that can be obtained with this technique. The k cat /K M calculated from the slope of Figure  4b is 0.91 × 10 6 M -1 s -1 .
Dependence of Kinetics on Microenvironment. As a demonstration that the values of k cat /K M can be used to compare the relative activities of an enzyme for immobilized substrates, we prepared 4-hydroxyphenyl valerate monolayers in which the relative lengths of the substrate-terminated alkanethiolates and the background hydroxy-terminated alkanethiolates were varied. In this way, the monolayers are uniform in that they present the same substrate at similar densities, but these substrates have a varied degree of "accessibility" as determined by the length of the tether that separates the substrate from the background monolayer. Indeed, previous work has demonstrated that the length of the chain that tethers a molecule to the monolayer has an influence on the reactivity 54 or affinity for a receptor 55 of that molecule at the surface.
We prepared three additional monolayers wherein the background alkanethiolates had 8, 11, or 16 methylene units (referred to as the C8, C11, and C16 monolayers, respectively), to make comparisons to the system described above wherein the background chains were 6 methylene units in length (referred to as the C6 monolayer). We employed the method described above to characterize the enzyme kinetics on each of the monolayers. The C11 monolayer revealed a significant decrease , where C6 is 6-mercapto-1-hexanol and C11 is 11-mercapto-1-undecanol. The total enzyme concentration was 20 nM. C6 has 6 methylene groups and an end hydroxyl group; similarly, C11 has 11 methylene units and an end hydroxyl group.
in the rates of the enzyme reaction as compared to the C6 monolayers and gave a k cat /K M value of 0.26 ((0.01) × 10 6 M -1 s -1 ( Figure 5 ). The enzymatic reaction on the C16 monolayer was too slow to obtain kinetic data, whereas the reaction on the C8 monolayer gave kinetic data that were experimentally similar to thoseof the C6 monolayer (data not shown). Hence, the four monolayers showed an expected trend in reactivity for cutinase: as the spacing between the substrate molecule and the monolayer is decreased, a threshold is reached, after which the substrate shows decreased reactivity for the enzyme. Figure 6 compares the spacing of the background molecules from the substrate for different chain lengths of the background molecules used. Note that the C6 and C8 monolayers had similar values of k cat /K M , suggesting that the spacing of the substrate from the monolayer was sufficient to permit free access to the enzyme active site. The C11 monolayer had an approximately 4-fold lower turnover number, suggesting that the spacing of substrate from the monolayer was less than optimal and gave rise to an energetic penalty that is likely reflected in the K M term. Finally, the C16 monolayer gave little reactivity with the enzyme, which is likely due to an insufficient spacing between the substrate and the monolayer.
Conclusions
This study represents an early example to quantitatively assess the action of an enzyme at a surface. Whereas much recent work has been performed on quantitative comparisons of enzymes that act on immobilized substrates, the methods are largely based on measures that depend on the choice of experimental variables and therefore do not give intrinsic quantities by which enzymes can be compared. The combination of self-assembled monolayers and electrochemical methods that we use in this work provides for a uniform activity of immobilized substrate and quantitative time-dependent information on the extent of reaction, both of which are important in determining the Michaelis-Menten parameters for a reaction. This method will be most important in model studies to understand the mechanistic features that are unique to interfacial enzyme reactions and in more rigorous comparison of homogeneous and heterogeneous enzyme reactions.
